Long-lasting changes in synaptic functions after an appropriate stimulus require altered protein expression at the synapse. To restrict changes in protein composition to activated synapses, proteins may be synthesized locally as a result of transmitter receptor-triggered signaling pathways. Second messengercontrolled mechanisms that affect mRNA translation are essentially unknown. Here we report that a receptor for activated C kinase, RACK1, is a component of messenger ribonucleoprotein (mRNP) complexes. RACK1 is predominantly associated with polysome-bound, polyA-mRNAs that are being actively translated. We find it to be present in a complex with ␤-tubulin and at least two mRNA-binding proteins, polyA-binding protein 1 and a 130 kDa polyA-mRNA binding protein (KIAA0217). Activation of PKC␤2 in vitro by phosphatidylserine/diacylglycerol or in hippocampal slices by metabotropic glutamate receptor stimulation increased the amount of RACK1/PKC␤2 associated with polysome-bound polyA-mRNAs. In vitro, PKC␤2 can phosphorylate a subset of polyA-mRNA-associated proteins that are also phosphorylated under in vivo conditions. On the basis of these findings plus the somatodendritic localization of RACK1, we hypothesize that metabotropic glutamate receptor-triggered binding of activated PKC␤2 to mRNP complexes bound to polyA-mRNAs is involved in activity-triggered control of protein synthesis.
Long-lasting changes in synaptic functions after an appropriate stimulus require altered protein expression at the synapse. To restrict changes in protein composition to activated synapses, proteins may be synthesized locally as a result of transmitter receptor-triggered signaling pathways. Second messengercontrolled mechanisms that affect mRNA translation are essentially unknown. Here we report that a receptor for activated C kinase, RACK1, is a component of messenger ribonucleoprotein (mRNP) complexes. RACK1 is predominantly associated with polysome-bound, polyA-mRNAs that are being actively translated. We find it to be present in a complex with ␤-tubulin and at least two mRNA-binding proteins, polyA-binding protein 1 and a 130 kDa polyA-mRNA binding protein (KIAA0217). Activation of PKC␤2 in vitro by phosphatidylserine/diacylglycerol or in hippocampal slices by metabotropic glutamate receptor stimulation increased the amount of RACK1/PKC␤2 associated with polysome-bound polyA-mRNAs. In vitro, PKC␤2 can phosphorylate a subset of polyA-mRNA-associated proteins that are also phosphorylated under in vivo conditions. On the basis of these findings plus the somatodendritic localization of RACK1, we hypothesize that metabotropic glutamate receptor-triggered binding of activated PKC␤2 to mRNP complexes bound to polyA-mRNAs is involved in activity-triggered control of protein synthesis.
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Rapid receptor-mediated control of local, postsynaptic protein synthesis is an intriguing mechanism for producing long-lasting changes in the efficiency of synaptic transmission. Moreover, there is now increasing evidence that activity-dependent control of protein synthesis, at the level of translation, is mediated at least partly by metabotropic glutamate receptor-triggered signaling pathways (Huber et al., 2000; Raymond et al., 2000; Job and Eberwine, 2001) . These results support earlier findings describing polysome aggregation and loading of fragile X mental retardation protein (FMRP)-mRNA into small polysomes after metabotropic glutamate receptor (mGluR) stimulation in a synaptoneurosomal preparation (Weiler and Greenough, 1993; Weiler et al., 1997) . Furthermore, an mGlu-induced increase in translation of a transfected GluR-2-mRNA was observed in isolated dendrites (Kacharmina et al., 2000) . The mGluR-triggered signaling pathways responsible for these effects on translation are not known.
Localized changes in mRNA translation near activated synapses could be achieved by at least three different mechanisms:
(1) receptor-mediated control of mRNA transport to dendrites, as has been described recently for Arc (Roberts et al., 1998; Steward et al., 1998) , (2) receptor-triggered changes in the efficiency of translation of selected mRNAs that are already present in dendrites (Aakalu et al., 2001) , or (3) receptor-induced changes in the accessibility of mRNAs by the translational machinery. Because all mRNAs are in complex with a number of proteins, it seems likely that some of those proteins associated with mRNAs are involved in the receptor-triggered mechanisms leading to altered translation. These trans-acting factors, known as messenger ribonucleoproteins (mRNPs), can control not only the secondary structure, stability, transport, and targeting of specific mRNAs (Krecic and Swanson, 1999; Sommerville, 1999; Mohr and Richter, 2001; Schwer, 2001 ), but they are also involved in translational repression or activation, as has been described for the cytoplasmic polyadenylation element binding protein (Wu et al., 1998) . Moreover, those mRNAs that are to be transported out into dendrites might be masked to prevent premature translation in the cell body or inappropriate dendritic locations. A receptortriggered mechanism that is able to unmask these mRNAs would cause a localized synthesis of the appropriate proteins. The subsequent alteration in the composition of synaptic proteins may then account for the observed long-lasting changes in synaptic function after an appropriate stimulus. On the basis of the possibility that translational control at synapses leads to a selective rather than a general change in protein synthesis, we focused in this study on mRNPs that could serve as a detector for synapse activity and in response could locally affect the translation of particular mRNAs. Here, we demonstrate that a receptor for activated C kinase, RACK1, is associated with polyA-mRNAs and, furthermore, that in rat hippocampal slices mGluR stimulation controls the movement and binding of RACK1 together with activated protein kinase C␤2 to mRNA/mRNP complexes.
MATERIALS AND METHODS
Preparation of mR NPs. Cortex or hippocampal slices of 15-to 19-d-old L ong-Evans rats were homogenized in buffer A containing 125 mM NaC l, 100 mM sucrose, 50 mM H EPES, 2 mM potassium acetate, and 40 U/ml of an RNase-inhibitor, RNasin (Promega), and centrif uged for 2 min at 4000 ϫ g (postnuclear supernatant) followed by 10 min at 14,000 ϫ g (postmitochondrial supernatant). The supernatant was lysed (final concentration: 50 mM Tris/ HC l, pH 7.5, 1% N P40, 50 mM NaC l, 4 mM MgC l 2 , 45 g /ml cycloheximide) and layered on a discontinuous sucrose gradient (4.5 ml of 12% sucrose and 4.5 ml of 33.5% sucrose). The tubes were centrif uged for 90 min at 41,000 rpm in a SW41 rotor (Beckman L8 -70M centrif uge). To dissociate ribosomes/polysomes and release polyA-mRNA /mRN P complexes, the resulting pellet (monosomes and polysomes; see Fig. 1 A) was resuspended in a solution (pellet buffer) containing 30 mM EDTA, 0.5% N P40, 20 mM Tris/ HC l, pH 7.5, and kept on ice for 10 min. The interfaces were recovered and centrif uged again for 20 min at 400,000 ϫg in a Beckman TL -100 ultracentrif uge. The resulting pellets, which contained mRN Ps, free 40S, and 60S ribosomal subunits, and a small subfraction of monosomes (see Fig. 1 A) were resuspended in the pellet buffer and kept for 10 min at 4°C. The suspension was centrif uged for 2 min at 14,000 ϫ g, and the supernatant was used for both the oligo(dT)-cellulose binding assay and for R ACK1 immunoprecipitation (see below). The KC l concentration was adjusted to 200 mM and then 40 l of prewashed oligo(dT)-cellulose (100 g /ml; Sigma, St. L ouis, MO) was added. After 90 min of constant rotation at 4°C, the cellulose was washed three times with 1 ml wash buffer (20 mM Tris/ HC l, pH 7.5, 100 mM KC l, 5 mM MgC l 2 ). PolyA-mRNAs and attached mRN Ps were eluted with 200 l of 10 mM Tris/ HC l, pH 7.5, and proteins were then precipitated with 1 ml of 10% trichloroacetic acid in acetone. Precipitated proteins were washed with acetone and finally solubilized in 70 l of SDS sample buffer (4% SDS, 250 mM Tris, 50 mM DTT, 3 mM EDTA, 20% glycerol, pH 8.0). The sample was boiled, and 25 l of aliquot was loaded on a 5-20% polyacrylamide gel.
Pol ysome profile. For each profile, one cortex of a 15-to 19-d-old rat was homogenized in 2 ml of buffer A. The homogenate was first centrif uged for 5 min at 4000 ϫ g, and the supernatant was centrif uged again for 10 min at 14,000 ϫ g. The resulting postmitochondrial supernatant was then lysed as described above. The lysate was layered on 1.5 ml of 15% sucrose and centrif uged for 11 min at 400,000 ϫ g. The resulting pellet was resuspended in 500 l of a buffer containing 20 mM Tris/ HC l, pH 7.5, 10 mM MgC l 2 , 100 mM NH 4 Cl, 2 mM K Ac, 225 g /ml cycloheximide. The suspension was then layered on 10.4 ml of a 15-45% continuous sucrose gradient in 20 mM Tris/ HC l, pH 9.0, 80 mM NaC l, 3 mM MgC l 2 , and 0.02% ␤-mercaptoethanol, and centrif uged for 90 min at 41,000 rpm. In some experiments, the resulting pellets from the discontinuous sucrose spin were used to check the ribosome composition in both fractions (see Fig. 1 A) . The ribosomal subunits, monosomes, and polysomes within the sucrose gradient were detected at a wavelength of 254 nm using an ISC O spectrophotometer. For Western blot analysis, fractions (each 600 l) were collected and treated with 800 l of binding buffer (to adjust the final concentration of KC l to 200 mM, 30 mM EDTA, 0.05% N P40, 20 mM Tris/ HC l, pH 7.5) and 40 l of prewashed oligo(dT)-cellulose. PolyA-mRNA /mRN P complexes were purified as described above except that the proteins were eluted from oligo(dT)-cellulose with SDS sample buffer.
R ACK1 immunoprecipitation. mRNA /mRN P complexes were released from polysomes on treatment with 30 mM EDTA as described above. After centrif ugation the supernatant was adjusted to 20 mM TBS, pH 8.0, 0.5% N P40, and precleared by incubation with 50 l of anti-IgM agarose (Sigma) or 40 l of protein A agarose (Santa Cruz Biotechnology, Santa Cruz, CA). For immunoprecipitation, R ACK1 monoclonal antibody (mAb) [3 l, IgM (Transduction Laboratories, Lexington, K Y) or IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)] bound either to 30 l of anti-IgM-agarose or to 30 l of protein A-agarose was then added to the precleared supernatant and incubated, with constant agitation, for 2 hr at 4°C.
Samples were washed two times with 1 ml TBS/0.5% N P40 and two times with TBS, and the resulting pellet was boiled for 4 min with 70 l of solubilizer. Anti-IgM-agarose or protein A-agarose was removed by centrif ugation, and the resulting supernatant was used for Western blot analysis. For detection of R ACK1-interacting proteins, R ACK1-containing protein complexes were released from the anti-IgM-agarose beads after incubation with 60 l of 0.1 M glycine, pH 3.0. Released proteins were either analyzed directly by mass spectrometry or solubilized and separated by SDS-PAGE and then analyzed by mass spectrometry. Coimmunoprecipitated proteins were cut out and identified by mass spectrometry.
Northwestern blot assay. R ACK1 and coimmunoprecipitated proteins were separated by SDS-PAGE and blotted onto nitrocellulose. Detection of putative mRNA-binding proteins was performed as described by Holcik and Liebhaber (1997) . Briefly, the nitrocellulose membrane was rinsed twice with PBS, and proteins were renatured by incubation in TN EDD buffer [10 mM Tris/ HC l, pH 7.5, 50 mM NaC l, 1 mM EDTA, 1 mM DTT and 1ϫDenhardt's (0.2 mg /ml bovine serum albumin, 0.2 mg /ml Ficoll, 0.2 mg /ml poly vinylpyrrolidone) solution] three times for 45 min each, followed by a 5 min incubation in a hybridization solution (TN EDD buffer including 20 g /ml tRNA and 5 g /ml heparin). Total polyA-mRNA was prepared from rat cortex according to the manufacturer's protocol [Poly(A)Pure, Ambion, Austin, TX], labeled using ␣-32 P ATP and poly(A) polymerase (USB Corp., C leveland OH), precipitated with ammonium acetate/ethanol, washed, and finally resuspended in 10 mM Tris/ HC l, pH 8.0. Labeled polyA-mRNA was added to the hybridization solution (final concentration ϳ200,000 cpm /ml), and the nitrocellulose membrane was incubated in this solution for 120 min at room temperature. After a series of washes, the blot was dried, and bound radioactivity was detected by phosphoimaging (Fujix-Bas1000).
Yeast two-hybrid assay. A f ull-length ORF of R ACK1 was amplified from cerebellar cDNA by the PCR, with EcoRI and BamHIII sites added at the end of the 3Ј end primer and 5Ј end primer, respectively. The construct was inserted into a TOPO-TA vector (Invitrogen) and subsequently subcloned into the pGBK T7 (bait) vector (C lonetech). To get the f ull-length ORF of PABP1, we amplified the 3Ј end (1-707, an internal HindIII sequence) by PCR using a PABP1-pBSKϩ vector (a generous gift from Dr. E. Mohr, University of Hamburg, Hamburg, Germany), with EcoRI and HindIII added to the primer. The PABP1-pBSKϩ vector was digested with EcoRI and HindIII, and the resulting fragment PABP1-708-1911 was ligated with the PCR product (PABP1-1-707) and inserted into a pGAD424 (prey) vector (C lonetech). Proper orientation of the insert was tested by control digestion with HindIIIBamHI or KpnI-DraIII. Both vectors were transformed into yeast, and a possible direct protein interaction between R ACK1 and PABP1 was measured using a ␤-galactosidase filter assay.
In vitro phosphor ylation assay. mRN Ps were prepared from the 33.5% sucrose pellet as described above. Washed oligo(dT)-cellulose containing bound proteins was resuspended in kinase buffer (20 mM Tris/ HC l, pH 7.5, 10 mM MgC l 2 , 8% glycerol, 100 mM KC l). For detection of endogenous kinase activity, one aliquot of this sample was treated with 1 Ci 33 P-␥ATP (final ATP concentration 50 M). For PKC␤2 kinase assay, endogenous kinase activity was first blocked by heating the sample to 65°C for 5 min. Thereupon 40 ng of PKC␤2 (C albiochem, La Jolla CA) was added, and the reaction started by addition of 1 Ci 33 P-␥ATP at 30°C. After 7 min, the reaction was stopped with 1 ml ice-cold wash buffer (20 mM Tris/ HC l, pH 7.5, 100 mM KC l), and the beads were washed again three times. Oligo(dT)-cellulose bound proteins were released and separated on a 5-20% polyacrylamide gel as described above, and phosphorylated proteins were detected by phosphoimaging (Fujix-Bas1000).
In situ phosphor ylation of mR NP. Approximately 40 transverse 400-M-thick hippocampal slices from 17-d-old rats were prepared and incubated in interface chambers in a medium containing (in mM): NaC l 134.0, KC l 6.24, MgSO 4 1.3, C aC l 2 2.0, NaHC O 3 16, and glucose 10 (pH 7.4, 32°C). The medium was aerated with carbogen (95% O 2 , 5% CO 2 ) throughout the experiment. After 60 min of preincubation, 200 Ci 33 P i (final concentration in the medium 100 C i /ml; Amersham) was added, and the slices were labeled for 90 min. During the last 30 min of slice incubation, 1 M okadaic acid was present to inhibit phosphatase activities. Then slices were homogenized in 1.5 ml buffer A, and mRN P was prepared as described above except that 1 M okadaic acid was added to all buffers.
Identification of mR NPs by mass spectrometr y. In-gel digestion and extraction of the proteins was accomplished using a modification of the method of Wilm et al. (1996) . Protein bands of interest were excised from the gel, diced into 1 mm 2 squares, rinsed with 0.1N N H 4 HC O 3 (AMBIC), dehydrated with acetonitrile (AC N), and dried in a vacuum centrif uge. The proteins were reduced (10 mM DTT in AMBIC, 56°C for 1 hr) and alkylated (55 mM iodoacetamide in AMBIC, room temperature for 45 min). The gel slices were then dehydrated (AC N) and dried (vacuum centrif uge). Gel pieces were then hydrated in a trypsin (sequencing grade, unlyophilized modified; Promega, Madison, W I) solution (12.5 ng /l) for 45 min on ice. The trypsin solution was then replaced with 10 l AMBIC. Digests were allowed to run overnight. E xtraction was accomplished by alternating dehydration -hydration steps, collecting, and pooling the solutions resulting from each step as follows. First the gel pieces were dehydrated (50% AC N, 5% formic acid) and dried in the vacuum centrif uge. The gel pieces were then rehydrated (AMBIC) and dehydrated (50% AC N, 5% formic acid) again. This was followed by two more steps of dehydration (100% AC N) and rehydration (AMBIC). The pooled supernatants were reduced to near dryness, reconstituted to 50 l (1% acetic acid), reduced to near dryness again, and finally reconstituted to 40 l with 1% acetic acid to give the final solution.
Aliquots (5 l) of the gel digests were analyzed by nano-reverse phase HPLC -micro-electrospray ionization-mass spectrometry on an LCQ mass spectrometer (MS) (Finnigan, San Jose, CA). Data from ϳ1 hr of run time (ϳ1000 MS/ MS spectra per hour) were acquired on each sample. The data were acquired using data-dependent analysis in which one MS scan was followed by collisionally activated dissociation (CAD) of the top five most abundant ions present in the MS scan. Isotope exclusion was used to exclude analysis of isotope ions. Dynamic exclusion was used to reduce the redundancy of the data. Dynamic exclusion settings were repeat count 1, pre-exclude time 30 sec, exclude time 1 min. Filtering software was used to (1) reduce the number of low quality CADs, (2) determine the charge state of the peptides analyzed, and (3) recalibrate the parent mass. Data passing through the above filters were searched against the all nonredundant GenBank [National C enter for Biotechnology Information (NCBI)] database using Sequest (Finnigan, San Jose, CA). All reported hits were verified manually.
Immunoc ytochemistr y. T wo female and two male 15-d-old L ongEvans rats were anesthetized deeply and perf used transcardially with 10 ml of heparin saline (1000 U/ml), followed first by 50 ml of fixative containing 3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, and then with 200 ml of 2% paraformaldehyde in PB. The brains were removed, postfixed in the final fixative for 1 hr, and sectioned at 40 m on a vibratome. The sections were collected in PB and then treated with 1% sodium borohydride for 30 min to improve antigenicity and reduce nonspecific immunolabeling. To f urther reduce the nonspecific labeling before incubation in primary antibody, the sections were treated for 30 min in a washing solution consisting of 0.8% BSA and 0.1% fish gelatin in 0.01 M PBS. Sections were incubated in primary anti-R ACK1 antibody (1:2000) in washing solution for 24 hr at 4°C. Sections were rinsed in washing buffer and transferred for 30 min to a 1:50 dilution of goat anti-mouse gold-conjugated IgM (Amersham). The gold particles were enlarged by reaction with silver solution from an IntenS-EM kit (Amersham). For electron microscopy the sections were postfixed in 2% osmium tetroxide in 0.1 M phosphate buffer, dehydrated, and flat-embedded between a slide and a coverslip that had been treated with liquid release agent (Electron Microscopy Sciences). Ultrathin sections from the CA1 subfield of the hippocampus, somatosensory cortex, and cerebellar cortex were collected on Formvar-coated slot grids, stained with uranyl acetate and lead citrate, and examined with a Philips C M-200 electron microscope.
RESULTS

RACK1 is a component of mRNP complexes associated with translated mRNAs
To characterize proteins that were part of the mRNP complex associated with translated (polysome-bound) or nontranslated (not ribosome-bound) mRNAs, we first separated polysomes from free ribosomal subunits/monosomes by discontinuous sucrose gradient centrifugation (Fig. 1 A) . The polyA-mRNAs/ mRNP complexes were purified using oligo(dT)-cellulose and released by 10 mM Tris, pH 7.5, either for direct mass spectrometry analysis or for SDS-PAGE separation. Proteins, which were first separated by SDS-PAGE, were excised, eluted, and then identified by mass spectrometry or, alternatively, transferred onto nitrocellulose and detected by Western blot assay. With this approach we found, in addition to a number of known mRNAbinding proteins, such as heterogeneous nuclear (hn) RNP-A/B/ C/D/E/G/H/K/l/Q3/R/U, HuA/B/C/D/R/, pRENT1, nucleolin, FMRP, staufen, and polyA binding protein 1 (unpublished observations), the RACK1 protein in fractions corresponding to translated mRNAs. The identity of RACK1 was determined from the detection of 13 different peptide sequences (Table 1) , all of which were specific for RACK1 protein as determined with BLAST2.0 using all nonredundant GenBank databases provided by NCBI. Furthermore, the presence of RACK1 in this fraction was confirmed by Western blot assay and is comparable to the A, Nontranslated mRNAs were separated from translated mRNAs by discontinuous sucrose density gradient centrifugation. Separation of the resulting interfaces and pellet by a 15-45% continuous sucrose gradient revealed that free mRNA/mRNP complexes and particles smaller than 40S were enriched in the first interface and free ribosomal subunits and monosomes were enriched in the second (12%-33% sucrose density) interface, whereas polysomes were found in the 33% sucrose pellet (right side). B, PolyA-mRNAs were purified from each fraction by binding to oligo(dT)-cellulose and, together with copurified proteins, eluted with 10 mM Tris/HCl, separated by SDS-PAGE, and silver-stained. C, Western blot analysis of the same samples using monoclonal antibodies recognizing RACK1, FMRP, PABP1 (location indicated by an arrow), and G3BP-2a. 1, Fraction 1; 2, fraction 2; 3, fraction 3. localization of FMRP, which is already known to be associated with polyA-mRNAs in actively translating polysomes (Corbin et al., 1997) (Fig. 1C) . Although the detection of PABP1 and other well known mRNPs in this fraction confirms the validity of the method used to enrich mRNPs, the simultaneous identification of RACK1 in this fraction was surprising, because RACK1 does not contain any known mRNA binding domains. However, by releasing the entire mRNP complex from polyA-mRNAs, we also might have obtained proteins that were linked to mRNAs via other proteins. One problem of using oligo(dT)-cellulose to purify proteins assumed to be bound to polyA-mRNAs is that a number of proteins bind in a polyA-mRNA-independent manner to oligo(dT)-cellulose, especially in fraction one (Fig. 2) . Thus, treatment of the sample before oligo(dT)-cellulose binding with RNase A (10 g/ml) did not prevent the binding of a number of proteins to the beads (data not shown). To reduce the presence of unspecific bound proteins, we focused therefore only on proteins that can be released from oligo(dT)-cellulose by 10 mM Tris/HCl, pH 7.5. Because the interaction between polyA-mRNA and oligo(dT)-cellulose is impaired in a salt-free buffer, mainly polyA-mRNAs together with associated proteins should be released under this condition. This procedure clearly reduced the presence of proteins that are not part of mRNP complexes, because after treatment with RNase-A, no proteins were present in the released fraction. However, it should be noted that there is not a complete release of polyA-mRNAs under this condition. Thus, mRNAbinding proteins such as PABP1 are still detectable among oligo(dT)-cellulose bound proteins after elution with 10 mM Tris/ HCl (data not shown). To further determine whether RACK1 is in fact part of the mRNP complex and was not nonspecifically captured by the tracer cellulose, we added polyA and polyU oligonucleotides to compete with the binding of polyA-mRNAs to oligo(dT)-cellulose (Fig. 3A) . Furthermore, elution of polyAmRNAs by 10 mM Tris/HCl from both oligo(dT)-cellulose and polyU-agarose coreleased the RACK1 protein, indicating that RACK1 does not simply bind nonspecifically to cellulose (Fig.  3B) . That RACK1 binds in fact via polyA-mRNAs to oligo(dT)-cellulose is supported by the finding that RNase A (10 g/ml) in the binding buffer completely abolished the binding of RACK1 to oligo(dT)-cellulose (Fig. 3B) .
In an additional set of experiments we determined the localization of RACK1 within a 15-45% continuous sucrose gradient. From each fraction the polyA-mRNA/mRNP complexes were Figure 4 . RACK1 is preferentially associated with translated mRNAs. Seventeen fractions of a continuous sucrose gradient (15-45%) were collected, and those containing polyA-mRNAs/mRNP complexes were purified using oligo(dT)-cellulose. The presence of RACK1 and PABP1 (indicated by arrows) was determined by Western blot assay. For that the blot was cut (at ϳ55 kDa); the top part was stained for PABP1 and the lower part for RACK1. A, Under the control condition, PABP1 was detectable in all fractions, whereas RACK1 appeared in the fraction that contained 40S and heavier particles (fractions 4-17 ) . B, Absence of Mg 2ϩ within the sucrose gradient caused a complete dissociation of polysomes, and therefore only one peak containing free ribosomal subunits was detectable. Under this condition RACK1 was not detectable in fractions higher than 11. The distribution of PABP1 changed in a similar way, except that we could detect PABP1 in fraction 17, which might correspond to translationally arrested RNA granules (Krichevsky and Kosik, 2001) . Figure 2 . Comparison of oligo(dT)-cellulose bound proteins with proteins that can be eluted with polyA-mRNAs by 10 mM Tris/HCl. A postmitochondrial supernatant was stimulated with PS/DAG, and oligo(dT)-cellulose bound proteins were prepared from both interfaces and the 33% sucrose pellet and released either by SDS-sample buffer (4% SDS, 250 mM Tris, 50 mM DTT, 3 mM EDTA, 20% glycerol, pH 8.0) or by 10 mM Tris/HCl, pH 7.5. Although a number of proteins bind to oligo(dT)-cellulose, only a fraction of them can be eluted together with polyAmRNAs by 10 mM Tris/HCl (silver stain). Thus, PKC␤2 (indicated by an arrow) binds probably nonspecifically to oligo(dT)-cellulose in fraction 1 because it cannot be released by 10 mM Tris/HCl; in contrast, the kinase can be coreleased with polyA-mRNAs in fraction 3. Comparable with the location of PKC␤2, RACK1 (location shown by an arrow) can be released from oligo(dT)-cellulose by 10 mM Tris/HCl from the fraction corresponding to translated polyA-mRNAs. (Figs. 1, 2) , which includes translated mRNAs. Treatment of these fractions with RNase A resulted in a complete absence of RACK1 among the proteins that are bound to oligo(dT)-cellulose (top, last 3 lanes). C, RACK1 can be released with polyA-mRNAs from both oligo(dT)-cellulose ( first 3 lanes) and polyU-agarose (last 3 lanes). PolyAmRNA/mRNP complexes were prepared from each fraction and incubated with oligo(dT)-cellulose or polyU-agarose and released with 10 mM Tris/HCl, pH 7.5, further indicating that RACK1 binds via polyA-mRNA and not nonspecifically to cellulose. again purified using oligo(dT)-cellulose, and the presence of RACK1 and the polyA-binding protein 1 (PABP1) were detected by Western blot assay (Fig. 4) . In the presence of 3 mM MgCl 2 within the sucrose gradient, which is crucial for the ribosome association, RACK1 is present in fractions containing 40S ribosomal subunits and larger components (Fig. 4 A) . Omitting MgCl 2 in the sucrose gradient led to a dissociation of ribosomes/polysomes, and therefore no polysomes were detectable. Under this condition, RACK1, comparable to PABP1, could be captured only in the first fraction containing the released polyA-mRNA/ mRNP complexes as well as free mRNA/mRNP complexes (Fig.  4 B) . Therefore, we conclude that RACK1 is part of a protein complex that is associated with polyA-mRNAs.
RACK1 is in a complex with at least two mRNA-binding proteins
Although RACK1 does not contain any known mRNA binding domains, the protein binds to polyA-mRNAs as well as to RNA homopolymers (data not shown). However, this does not prove a direct interaction of RACK1 with mRNAs. It is also possible that RACK1 is linked by another protein to mRNAs. To search for possible candidates, we prepared the fraction used for the oligo(dT)-cellulose binding assay and performed an immunoprecipitation using a RACK1-specific antibody (clone 20, an IgM; Transduction Laboratories). To identify a possible polyA-mRNA binding protein within the RACK1-containing mRNP complex, we performed a Northwestern blot assay using 32 P-labeled total polyA-mRNAs prepared from rat cortex. On the basis of this assay, RACK1 does not bind directly to polyA-mRNAs but is in a complex with at least two mRNA-binding proteins [RACK1-interacting mRNA-binding protein (Rimb)] with apparent molecular weights of 75 kDa (Rimb1) and 130 kDa (Rimb2), respectively (Fig. 5 ). Rimb1 and Rimb2, which coimmunoprecipitated with two different RACK1-specific monoclonal antibodies [clone 20 (Transduction Laboratories) and clone B-3, an IgG (Santa Cruz Biotechnology)] (Figs. 5, 6 ), were excised from the gel, and the composition was analyzed by mass spectrometry. The Rimb1 band was identified as polyA-binding protein 1 (PABP1), HSP70, and the Ras-GTPase-activating-(GAP-120)-SH3-domain-binding protein 2a (G3BP-2a) (Table 2) ; the presence of the PABP1 and G3BP-2a within this 75 kDa band was confirmed by Western blot assay (Fig. 6) . It remains unclear why G3BP-2a appears in our preparation at 75 kDa given the fact that the calculated molecular weight of G3BP-2a is 54 kDa (Kennedy et al., 1996) .
Rimb2 contains a number of protein sequences that correspond to a protein, KIAA0217, predicted from a partial cDNA D86971 (Nagase et al., 1996) as well as amino acid sequences that correspond to a glycosylphosphatidylinositol (GPI)-anchored mem- Figure 5 . RACK1 is in a complex with at least two polyA-mRNA binding proteins. A, To determine whether RACK1 binds directly or via another protein to polyA-mRNAs, a Northwestern blot analysis was performed. RACK1 and coimmunoprecipitated proteins were blotted on nitrocellulose, renatured, and incubated with 32 P-labeled polyA-mRNAs [Ϫ, immunoprecipitation was performed without the RACK1 IgM-mAb (negative control); ϩ, immunoprecipitation with RACK1 IgM-mAb]. Two proteins, with an apparent molecular weight of 75 kDa (Rimb1) and 130 kDa (Rimb2), were found to bind polyA-mRNAs. RACK1, at ϳ32 kDa, did not bind polyA-mRNAs in this assay. The presence of RNase A (last lane) did not prevent the interaction of these proteins with RACK1. B, To identify the mRNA-binding proteins, RACK1-IgM coimmunoprecipitated proteins were released from the agarose beads by 0.1 M glycine, pH 3.0, and silver-stained. The 75 kDa (Rimb1) and 130 kDa (Rimb2) bands were cut out and analyzed by mass spectrometry. The Rimb1 protein band contained (1) the polyA-binding protein (PABP1), (2) HSP70, and (3) the Ras-GTPase-activating protein (GAP120) SH3-domain-binding protein 2a (G3BP-2a) ( Table 2 ). The Rimb2 protein band was found to contain the protein KIAA0217, a protein with an RNA-binding domain (Nagase et al., 1996) , and a GPI-anchored protein (Table 3 ). . The immunoprecipitate was separated using SDS-PAGE and silver-stained. In confirmation of a previous experiment (Fig. 5) , the additional protein at 75 kDa (left side, arrow) that was not detectable in the negative control (Ϫ, immunoprecipitation protocol using only the protein fraction but without RACK1 mAb) was identified by mass spectrometry as the PABP1 and G3BP-2a, and the 130 kDa protein was identified as KIAA0217 and a GPI-anchored protein. An asterisk indicates the localization of the added RNase A. B, An aliquot of the same sample used for silver staining was blotted onto nitrocellulose and immunostained [left 3 blots correspond to the RACK1-IgG immunoprecipitation (IP); right 2 blots correspond to RACK1-IgM IP]. By confirming the mass spectrometry results, we could detect both PABP1 and G3BP-2a as proteins that coimmunoprecipitate with RACK1 by Western blot assay. C, Negative control (immunoprecipitation without addition of a RACK1-mAb); mab, precipitation of the RACK1-mAb in the absence of the sample. The secondary antibody stained nonspecifically the RNase A (asterisk). The interaction between RACK1 and PABP1 was not abolished by treatment of the immunoprecipitate with 10 U/ml RNase A for 20 min at room temperature. In contrast, there was no coimmunoprecipitation of G3BP-2a when RNase A was added, indicating that both proteins are linked via mRNA to each other. RACK1 staining (arrow) checked the efficiency of the immunoprecipitation.
brane protein (Table 3) . On the basis of the fact that the known protein sequence of KIAA0217 possesses one eukaryotic RNA recognition motif (position aa 171-255 ), we assume that this protein is Rimb2. In addition, characterization of all R ACK1 coimmunoprecipitated (clone 20) proteins directly by mass spectrometry confirmed the presence of PABP1, G3BP-2a, and Rimb2 (KIAA0217) in addition to ␤-tubulin (detected amino acid sequences EIVHLQAGQCGNQIGAK, FPGQLNADLR, IREEYPDR, TAVCDIPPR, IREEYPDR) among proteins that interact with RACK1.
To discern whether RACK1 is in the same protein complex as PABP1, G3BP-2a, and Rimb2 (KIAA0217), a parallel immunoprecipitation was performed in the absence or presence of RNase A (final concentration 10 g/ml) using the same starting material. To avoid protein precipitation by RNase A treatment, we first performed the immunoprecipitation, washed the beads, and then added RNase A (10 g/ml) for 20 min at room temperature. After this treatment, we were still able to coimmunoprecipitate Rimb1 and Rimb2 with RACK1, pointing to an mRNAindependent association of RACK1 to these proteins (Fig. 5) . Western blot analysis using a specific monoclonal antibody for PABP1 (clone 10E10) or a polyclonal antiserum for G3BP-2a (rabbit poly-576) revealed that only PABP1 is associated with RACK1 in an mRNA-independent manner, whereas G3BP-2a is linked to RACK1 via mRNA (Fig. 6) . However, it is not clear whether RACK1 and PABP1 interact physically with each other. 75 kDa) (Fig. 5) that coimmunoprecipitates with RACK1 (clone B-3 Using a direct yeast two-hybrid screen with RACK1 fused to the DNA-binding domain (bait) and PABP1 fused to the activation domain (prey), we could not detect a direct interaction. Therefore, we conclude that RACK1 and PABP1 are together in one protein complex. In summary, we found that RACK1 is in a complex with two mRNA-binding proteins, PABP1 and Rimb2, and in addition is linked to another mRNA-binding protein, G3BP-2a, via mRNA, which further supports the conclusion that RACK1 is a component of mRNP particles associated with poly-mRNAs.
Activation of PKC␤2 leads to an increased association with mRNP complexes
On the basis of these findings, we concluded that RACK1 binds to mRNAs in a complex that contains PABP1 and Rimb2 and might therefore be involved in targeting of two kinases, activated PKC␤2 and src-tyrosine kinase (Ron et al., 1994; Chang et al., 1998) , to the mRNP complex. The presence of the src-tyrosine kinase within the mRNP complex could be not detected either by Western blot assay using two different antibodies [anti c-Src (clone H12; Santa Cruz Biotechnology) or anti-pp-60Src (clone GD11; Upstate Biotechnology)] or by mass spectrometry analysis (data not shown). Similarly, under control conditions PKC␤2 could scarcely be detected in fractions corresponding to translated mRNAs (Fig. 7) . However, after stimulation of PKC by addition of diacylglycerol (DAG) (10 g/ml) and phosphatidylserine (PS) (50 g/ml) to the postmitochondrial supernatant, the kinase colocalized with RACK1 and was detectable within the fractions corresponding to translated polyA-mRNAs (Fig. 7A ). This binding is isoform specific: PKC␤1 could not be detected in the same fractions (data not shown). To confirm that this redistribution of PKC␤2 and RACK1 may in fact occur under in vivo conditions, we stimulated rat hippocampal slices with 0.1 mM (5)-3,5-dihydroxyphenylglycine (DHPG), an agonist for class 1 mGluR, for 10 min and determined the amount of RACK1 and PKC␤2 bound to polyA-mRNAs. Because of the small amount of starting material, we measured the total amount of RACK1 and PKC␤2 that can be purified with oligo(dT)-cellulose. In hippocampal slices incubated for at least 60 min in an interface chamber, RACK1 was found to be associated with mRNAs enriched from fractions 2 and 3, which correlates with the finding shown in Figures 2 and 4 . However, in hippocampal slices incubated for Ͼ60 min, PKC␤2 was no longer detectable in fraction 1 but found consistently in fraction 3. This might reflect the previously described Ca 2ϩ -dependent redistribution of PKC␤ from the cytosol to other compartments during slice incubation (Angenstein et al., 1997) . Stimulation of these slices with 100 M DHPG for 10 min resulted in an increased amount of RACK1 in these fractions. The amount of PKC␤2 increased to a comparable degree in the same mRNP fractions, indicating that activated PKC␤2 and RACK1 both redistribute to the mRNP complex associated with polyA-mRNAs (Fig. 7B) .
PKC␤2 can phosphorylate a set of polyA-mRNA bound proteins in vitro and in situ
To search for putative substrates for PKC␤2, we performed an in vitro phosphorylation assay using the oligo(dT)-cellulose bound proteins prepared from fraction 3, the fraction that showed enhanced RACK1/PKC␤2 association after PS/DAG or DHPG stimulation. In this protein fraction an endogenous protein kinase activity could be detected that could not be substantially diminished by a PKC inhibitor peptide (PKC fragment 19 -36) (Fig.  8 A) . Therefore, additional kinases are present in this protein fraction. To inactivate these endogenous kinases, we first incubated the samples for 5 min at 65°C and then performed a PKC␤2 kinase assay. Exogenously added PKC␤2 (40 ng) phosphorylated a set of proteins with molecular weights of 200, 75, 46, 30, 23, 20, 19 , and 17 kDa (Fig. 8 A) . The detected 75 kDa phosphoprotein colocalized exactly with the proteins identified previously by mass (130 kDa) (Fig. 5) that coimmunoprecipitates with RACK1 (clone B-3 spectrometry as PABP1 and G3BP-2a. To determine which one of these proteins was phosphorylated under in vivo conditions, we labeled hippocampal slices with 33 P i for 90 min and then prepared the oligo(dT)-cellulose bound fraction. We were able to detect endogenously phosphorylated proteins after electrophoretic separation by autoradiography. Four highly phosphorylated proteins (140, 50, 30, and 20 kDa) and three slightly phosphorylated proteins (75, 150, and 38 kDa) could be identified (Fig. 8 B) . On the basis of the fact that the 75, 30, and 20 kDa proteins are both excellent in vitro substrates for PKC␤2 and phosphoproteins in vivo, we propose that these proteins are putative endogenous substrates for PKC␤2.
RACK1 is localized in dendrites and within dendritic spines
To further assess whether RACK1-dependent mechanisms might be involved in dendritic protein translation, we examined the cellular distribution of RACK1.
Light microscopic distribution of R ACK1
In sections from the rat brain, RACK1 immunolabeling was found by light microscopy to be selectively associated with neuronal perikarya and dendrites in hippocampal CA1 (in both pyramidal neurons and interneurons in stratum radiatum). In somatosensory cortex, neurons in all layers had RACK1- . Left, The amount of PKC␤2 and RACK1 associated with mRNAs was determined by Western blot assay; the blot was cut vertically, and the top part used for PKC␤2 staining and the bottom part for RACK1 staining (1, 2, and 3 indicate the fraction of nontranslated mRNA/mRNP complexes, mRNA/mRNP complexes associated with 40S-80S ribosomal subunits, monosomes, and mRNA/mRNP particles bound to polysomes) (Fig. 1) . Right, Summary of the measured densities corresponding to the amount of PKC␤2 and RACK1 in fraction 3 from seven independent experiments. B, Stimulation of hippocampal slices with 0.1 mM DHPG for 10 min increases in a comparable manner the amount of RACK1/PKC␤2 in the oligo(dT)-cellulose bound fraction prepared from polysome-bound mRNP complexes (fraction 3). immunopositive somata and prominent staining of apical dendrites (Fig. 9A) , and the staining became more sparse and punctate farther away from the neuronal cell body. In cerebellar cortex, the Purkinje cell layer was especially densely labeled by RACK1 antibodies, although Golgi neurons, basket cells, and some granule cells were also positively stained for RACK1. Primary dendrites of Purkinje cells were immunopositive for RACK1, and staining became punctate higher in the molecular layer.
Electron microscopic distribution of R ACK1
RACK1 localization was studied in somatosensory cortex, in the CA1 subfield of the hippocampus, and in the molecular layer of the cerebellar cortex. In all areas, RACK1 immunolabeling was observed most often in dendrites and in somata, although occasional staining in neuronal nuclei was detected as well ( Fig.  9 B, C) . No staining was detected when the RACK1 antibody was omitted. RACK1 immunoreactivity was rarely observed in glial cells. In the soma, RACK1 was frequently colocalized with rough endoplasmic reticulum or polyribosomal clusters in Nissl bodies (Fig. 9B) . In large and mid-size dendrites, RACK1 immunolabeling was scattered through the cytoplasm (Fig. 9E ) and occasionally associated with cisterns of rough endoplasmic reticulum. Interestingly, dendritic spines were frequently labeled for RACK1, containing one or two immunogold-silver particles per spine (Fig. 9D ). These particles were most often localized in the spine head. There was no distinct presynaptic or axonal RACK1 labeling.
DISCUSSION
Receptor-mediated activation of PKC␤2 is followed by a fast redistribution of the kinase from cytosol to other cell compartments such as the cell membrane, Golgi apparatus, or cytoskeleton. Translocation to these cellular compartments is controlled, at least partly, by PKC binding proteins such as RACK1 (MochlyRosen et al., 1991) , PICK1 (Perez et al., 2001 ), or AKAP79 (Faux et al., 1999) . Our finding that one of these PKC anchoring proteins, RACK1, is also associated with polyA-mRNAs points to mRNP complexes as a putative additional target of activated PKC after receptor stimulation. This, in combination with the finding that PKC␤2 can be detected, in fact, in an mRNP preparation after activation might indicate that this is part of a mechanism that is involved in activity-dependent translational control. This is supported by our observation that RACK1 is localized in dendritic spines where dendritic protein synthesis is known to occur.
Local changes in protein synthesis can be controlled by phosphorylation and subsequent activation/inhibition of (1) translation initiation factors (Clemens, 1996; Whalen et al., 1996) , (2) elongation factors (Chang and Traugh, 1997; Marin et al., 1997; Scheetz et al., 1997) , or (3) ribosomal proteins (Jefferies and Thomas, 1996) . In addition, spatially restricted translation of particular mRNAs may be achieved by a selective alteration in their composition and the properties of proteins that are bound to it. Each mRNA is in a complex with a number of mRNA-binding proteins, which affect their stability/decay, localization/transport, and accessibility to translation initiation (Dreyfuss et al., 2002) . The binding of these trans-elements depends on the presence of cis-elements within the mRNA, and therefore different mRNAs might be associated with different sets of mRNPs (Keene, 2001 ). This specificity might mediate the transport of only a small number of mRNAs into dendrites. Besides a controlled transport into dendrites, the targeting of a subset of mRNAs to activated synapses is an important mechanism for the control of localized protein synthesis. Candidates that are involved in targeting mRNAs into dendrites are Staufen, a somatodendritic localized double-stranded RNA-binding protein that has been shown recently to bind MAP2-mRNA (Kiebler et al., 1999; Monshausen et al., 2001) , and zip-code binding protein 1, an actin-mRNA binding protein that is crucial for the movement of this mRNA into growth cones of developing neurons (Zhang et al., 2001 ). Both proteins are either tubulin-binding protein (Wickham et al., 1999) or appear coincident with microtubules (Zhang et al., 2001) , an interaction that seems to be crucial for transporting and localizing mRNA/mRNP complexes. The cis-elements, except for the polyA tail, are stable, and consequently, if the binding of proteins depends solely on the cis-elements present, the composition of mRNA-binding proteins should remain constant. To enable a localized receptor-triggered translation of a specific mRNA, one or more of these mRNPs must be affected locally, for example, by receptor-induced second messenger systems. There are now indications that changes in the phosphorylation of mRNPs, such as hnRNP K, have functional consequences for translation (Habelhah et al., 2001 ). Our results demonstrate a number of phosphoproteins within the mRNP-complex.
The entire functional mRNP complex consists of primary mRNA-binding proteins and secondary proteins, which are bound to it. If we assume that different proteins can bind, possibly in a competitive way, to a trans-acting factor, this could allow changes in mRNP complex composition, corresponding to the relative concentration or the activation state of these proteins in different compartments within the cell. One of these proteins that could control the composition of the mRNP complex, and subsequently its function, is the RACK1 protein. RACK1, originally described as a receptor for activated C kinase (Ron et al., 1994) , contains seven WD-repeat (Try-Asp) domains that are thought to be involved in protein-protein interactions (Neer et al., 1994; Smith et al., 1999) . In addition, RACK1 has also been found to interact with the integrin ␤1 subunit, cAMP-specific phosphodiesterase PDE4D5, p120GAP, NMDA receptor 2B, fyn, and src kinase Liliental and Chang, 1998; Yarwood et al., 1999; Koehler and Moran, 2001; Yaka et al., 2002) . It is not known how many of these interactions may occur in parallel, but our results here indicate that RACK1 may be in a complex with activated PKC␤2, ␤-tubulin, PABP1, and a 130 kDa protein (KIAA0217, GPI-anchored protein). How RACK1 binds to PABP1 remains uncertain. The inability to detect a direct interaction of RACK1 with PABP1 using a yeast two-hybrid screen may indicate that the complex needs an additional shared partner such as Rimb2 or possibly that RACK1 needs activated PKC␤2 bound to it to interact with PABP1.
Our results imply that RACK1, like FMRP, is primarily associated with mRNAs engaged in translation. This could indicate that (1) RACK1 is also associated with ribosomes, (2) RACK1 binds to specific mRNA sequences that become accessible only during or after translation initiation, or (3) immediately after binding of RACK1 to the appropriate mRNAs, translation initiation is promoted.
Recently, mGluR-triggered mechanisms have been implicated in the control of protein synthesis (Weiler and Greenough, 1993; Weiler et al., 1997; Merlin et al., 1998; Raymond et al., 2000; Job and Eberwine, 2001) , and it has also been shown that stimulation of hippocampal slices by 20 M DHPG for 30 min causes a small increase in protein synthesis detected by 35 S-methionine incor- Figure 10 . Proposed model for an mGluR-mediated control of postsynaptic protein synthesis. 1, A polyA-mRNA/mRNP complex is transported along microtubules through the dendrite in both anterograde and retrograde directions. The mRNA might be masked by specific mRNPs to prevent premature translation. 2, Synaptic stimulation activates protein kinase C␤2, via class 1 mGluR. 3, Activated PKC␤2 and RACK1 form a complex that translocates and binds to a polyA-mRNA/mRNP complex localized near the stimulated synapse. The presence of activated PKC␤2 within the mRNP complex leads to increased phosphorylation of a subset of mRNPs. 4, An alteration in the phosphorylation state of mRNPs may trigger (1) an interruption of mRNP transport that would increase the local amount of mRNAs, (2) a demasking of translational arrested mRNAs, leading to activity-dependent synthesis of specific proteins, or (3) a change in translation efficiency of a subset of postsynaptic localized mRNAs, which could shift the ratio of newly synthesized proteins.
